Background/Aims: Excess dietary salt is a critical risk factor of salt-sensitive hypertension. Glucagon-like peptide-1 (GLP-1) , a gut incretin hormone, conferring benefits for blood pressure by natriuresis and diuresis. We implemented a randomized trial to verify the effect of altered salt intake on serum GLP-1 level in human beings. Methods: The 38 subjects were recruited from a rural community of Northern China. All subjects were sequentially maintained a baseline diet period for 3 days, a low-salt diet period for 7 days (3.0g/day of NaCl) , and a high-salt diet period for additional 7 days (18.0g/day of NaCl). Results: Serum GLP-1 level increased significantly with the change from the baseline period to the low-salt diet period and decreased with the change from the low-salt to high-salt diet in normotensive saltsensitive (SS) but not salt-resistant (SR) individuals. There was a significant inverse correlation between the serum GLP-1 level and the MAP in SS subjects. Inverse correlation between the serum GLP-1 level and 24-h urinary sodium excretion was also found among different dietary interventions in SS subjects. Conclusions: Our study indicates that variations in dietary salt intake affect the serum GLP-1 level in normotensive salt-sensitive Chinese adults.
Introduction
Excess dietary salt is strongly correlated with cardiovascular disease and is considered to be a critical contributor to the pathogenesis of hypertension [1, 2] . Salt sensitivity refers to a heterogeneous blood pressure change in response to dietary salt intake, which is found in hypertensive patients and normotensive individuals [3] . Studies reported that normotensive salt-sensitive (SS) individuals not only are more likely to develop hypertension than saltresistant (SR) subjects, but also have an increased incidence of cardiovascular complications or death [4] .
Genetic and environmental factors are involved in salt-sensitivity and high salt intake is a major risk factor. Epidemiologic and clinical studies demonstrate that excessive dietary salt intake is strongly associated with salt-sensitive hypertension [3, 5] . On the contrary, salt reduction can effectively control blood pressure [5, 6] . High salt intake can promote the development of hypertension through different pathways in salt-sensitive subjects, including enhanced sympathetic activity, endothelial dysfunction, vascular abnormalities and water/ sodium retention [3, 7] .
Glucagon-like peptide-1 (GLP-1), a gut-derived hormone which is produced in enteroendocrine L cells and released into the blood in response to nutrient intake, can specifically bind to GLP-1 receptor that is widely expressed in endothelial cells and vascular smooth muscle cells and organs such as heart, brain, and kidney [8, 9] and enhance glucose-dependent insulin secretion. Interestingly, GLP-1 confers additional benefits for the cardiovascular system, such as inhibiting the development of hypertension, reducing cardiac fibrosis and hypertrophy [10] . Early studies have indicated that GLP-1R agonists and dipeptidyl peptidase-IV (DPP-4) inhibitors -based [11] therapy was a promising treatment option in the setting of hypertension and other disorders of sodium retention [12] . GLP-1 decreases blood pressure in vivo by natriuresis and diuresis [13] . The natriuretic and diuretic effects of GLP-1 are mediated by the increase in renal plasma flow and downregulation of Na + /H + exchanger isoform 3 (NHE3) activity in the renal proximal tubule [13] . Moreover, Kim et al. reported that GLP-1 receptor activation decreases blood pressure by promoting the secretion of atrial natriuretic peptide (ANP) [14] . High salt intake attenuates the protective effect of GLP-1 on blood pressure [10, 15] . However, little about the relationship between circulating GLP-1 level and dietary salt intake in human beings has been elucidated.
In this study, our aim was to examine the changes of serum GLP-1 level in salt-sensitive and salt resistant subjects. The correlation between serum GLP-1 level and blood pressure (BP) was also investigated.
Materials and Methods

Subjects
A total of 38 subjects (aged 18 to 65 years) with similar dietary habits were enrolled from a rural community of Northern China. Data of demographic characteristics (age, physical activity, personal cardiovascular disease-related history, and physical examination findings) were collected with a standard questionnaire. Hypertension was defined as the mean systolic blood pressure (SBP) ≥140mmHg and/or the mean diastolic blood pressure (DBP) ≥90 mmHg.
The exclusion criteria were hypertension, use of antihypertensive medication, clinical cardiovascular disease, chronic liver disease, chronic kidney disease, or diabetes mellitus, pregnancy, or high alcohol consumption.
The Institutional Ethics Committee of Xi'an Jiaotong University Medical School approved the study protocol, and each subject provided written informed consent. The study adhered to the principles of the Declaration of Helsinki, and all study procedures were performed in accordance with institutional guidelines.
Protocol
The protocol consisted of questionnaire survey, physical examination (height, weight, BP, waist circumference and brachial-ankle artery pulse wave velocity), and biochemical examination (creatinine, glucose, total cholesterol, total bilirubin, urinary sodium, urinary potassium). The subjects were given habitual salt diet for three days (3-day baseline observation period), low salt diet (3 g or 51.3 mmol of NaCl per day) for seven days (7-day low-salt diet period), and high salt diet (18 g or 307.8 mmol of NaCl per day) for another seven days (7-day high-salt diet period) (Figure1A). During the baseline investigation, each subject was given detailed dietary instructions to avoid table salt, cooking salt, and high-sodium food for the subsequent 7-day low-salt diet period and 7-day high-salt diet period. To ensure the compliance of participants with the intervention program, all of the meals (breakfast, lunch and dinner) were prepared in the research kitchens without salt and then added prepackaged salt to the meals. The meals were consumed onsite under the supervision of the study staff during the entire study period.
Blood Pressure Measurement and Salt Sensitivity Definition BP was measured in the morning by 4 trained and certified staff members using a standard mercury sphygmomanometer after the subjects had rested quietly for ≥ 5 minutes. BP was measured 3 times at 1-min intervals during the 3-day baseline observation period as well as on day 6 and day 7 of the 7-day lowsalt diet and the 7-day high-salt diet intervention periods, and the mean value was recorded. BP observers were blinded to the participants' dietary interventions. The subjects were instructed to avoid alcohol, cigarette smoking, coffee/tea, and exercise for at least 30 min prior to their BP measurement. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were determined as the first and fifth phases of the Korotkoff sounds, respectively. Mean arterial pressure (MAP) was calculated as 1/3SBP+2/3 DBP. For the lack of an authoritative consensus on the definition of salt sensitivity using blood pressure, subjects who demonstrated at least a 10% increase in MAP going from a low-salt to a high-salt diet were classified as salt sensitive (SS), and the others were defined as salt resistant (SR) [16] .
Biochemical Analyses
Blood samples from all of the subjects were obtained in the morning on day 3 of the 3-day baseline observation period and day 7 of the7-day low-salt diet and high-salt diet intervention periods by peripheral venous puncture. Those blood samples were centrifuged at 3,000 g for 10 min immediately, and stored at -80°C until analysis. The serum creatinine, blood glucose, total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol were measured using an automatic biochemical analyzer (model 7600; Hitachi, Ltd., Tokyo, Japan). Human serum GLP-1 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Abcam (Cambridge , MA, USA) and used to measure serum active GLP-1 peptide [GLP-1 (7-37) and GLP-1 (7-36)NH2] levels following the manufacturer's instructions.
24-Hour Urinary Sodium and
Potassium Determination 24-hour urine samples were collected on day 3 of baseline and on day 7 of each intervention period and were kept frozen at -40°C until analysis. Urinary concentrations of sodium and potassium were determined using ionselective electrodes (Hitachi, Ltd., Tokyo, Japan). The 24-hour urinary excretion of sodium and potassium was calculated by multiplying the concentrations of sodium and potassium with the 24-h total urine volume.
Table 1. Baseline Clinical Characteristics of SS and SR Subjects
Statistics Analyses
Continuous data are reported as means ± standard error. Categorical data are shown as frequency and percentage. Differences in baseline characteristics between SS and SR groups were analyzed by an independent t-test for continuous variables when adequate, otherwise analyzed by Mann Whitney U test. Differences in repeated measures were analyzed by repeated-measures analysis of variance. Correlations were determined with Pearson's correlation coefficient, if the residuals were normally distributed, and with Spearman's correlation coefficient otherwise. Statistical analyses were performed with SPSS for Windows (SPSS Inc., USA). A two-tailed P value of <0.05 was considered to be statistically significant. Table 1 shows the basic characteristics of the subjects. 13 of the 38 subjects that were recruited showed an increase in mean arterial pressure (MAP) by 10% going from a lowsalt to a high-salt diet were classified as salt sensitive (group Salt-Sensitive (SS)), and the other 25 showed little or no response to salt loading (group Salt-Resistant (SR)), (Table 1) . No significant difference was found in age, body mass index and sex ratio between SS and SR groups, but the SBP and brachial-ankle pulse wave velocity (baPWV) of SS subjects were significantly higher than those of SR subjects (Table 1 ; *P<0.05).
Results
Profiles of Studied Subjects
Effects of Salt Intake on BP
Figure1 shows the effect of different doses of salt intake on mean arterial pressure (MAP) in SS and SR subjects. The MAP significantly decreased with the change from the baseline to the low-salt intervention (P<0.05) and increased with the change from the low-salt to highsalt intervention (P<0.05) in SS subjects (Figure1A and 1B) , whereas no significant change was observed in the MAP of SR subjects with the same intervention (Figure1A and 1C) .
Effects of Salt Intake on Serum GLP-1
Figure2 shows the effect of low salt intake and high salt intake on serum GLP-1 in SS and SR subjects. Serum GLP-1 concentration was significantly increased when the diet changed from the baseline to low-salt (0.802±0.040μg/ mL versus 0.542±0.039μg/ mL; P<0.01; Figure 2 ) and decreased when the diet change from low-salt to high-salt (0.591±0.049μg/ mL versus 0.802±0.040μg/ mL; P<0.01; Figure 2 ) in SS subjects but not in SR subjects.
In the SS subjects, further analyses showed that there was significantly inverse correlation between serum GLP-1 level and MAP on a low-salt diet or on a high-salt diet (r = -0.621; P<0.01) after adjusting to the age and sex ratio factors. However, no significant correlation between serum GLP-1 level and MAP was found in SR subjects (Figure 2) .
Effects of Salt Intake on 24-hour Urinary Sodium and Potassium Excretion
The 24-hour urine samples were collected on day 3 of baseline and on day 7 of each intervention period. The 24-hour sodium and potassium excretion in the urine samples was determined to ensure the subjects' sodium intake was in full compliance with the study protocol. Table 2 shows the 24-h urinary sodium and potassium excretion (mmol/day) at baseline and during dietary interventions. As shown in Table 2 , the 24-hour urinary sodium excretion significantly decreased with the change from the baseline to the low-salt treatment (P<0.05) , but increased with the change from the low-salt treatment to high-salt treatment in both SS and SR subjects (P<0.05, Table 2 ). These results proved the subjects' compliance with the dietary administration protocol.
Further analyses showed that the serum GLP-1 concentration was inversely correlated with the 24-h urinary sodium excretion (r = -0.767, P<0.01) but not correlated with the 24-h urinary potassium excretion (r = -0.368, P=0.059) during both low-salt and high-salt diet intervention periods in SS subjects (Figure 3) . However, no correlation between the serum GLP-1 concentration and the 24-h urinary sodium (r = -0.356, P>0.05) and potassium excretion (r = -0.349, P>0.05) during both low-salt and high-salt diet intervention periods was found in SR subjects (Figure 3) . 
Discussion
Our present study demonstrates variations in dietary salt intake significantly affect the serum GLP-1 concentration in SS Chinese adults. High salt intake induces the increase in BP and the decrease in serum GLP-1 level in normotensive SS but not SR Chinese adults. In addition, an inverse correlation not only between serum GLP-1 concentration and MAP but also between the 24-h urinary sodium excretion and serum GLP-1 level is demonstrated in the normotensive SS but not SR Chinese adults.
In this study, we quantitatively measured the active peptides GLP-1(7-37) and GLP-1(7-36) NH2 in human serum. GLP-1 is a gut incretin hormone produced in enteroendocrine L cells and released into the blood in response to food intake [17] . It has two active peptide forms, GLP-1(7-36)amide and GLP-1(7-37)amide [10] . The former is the major circulating form in human beings. The active peptides can bind to the GLP-1 receptor (GLP-1R) to act on numerous pathways [18] . They are rapidly degraded into GLP-1(9-37)/GLP-1(9-36)NH2 by DPP-4 at N-terminal in the blood physiologically [11] .
Interestingly, some studies indicate that serum active GLP-1 has anti-hypertension effect. GLP-1 receptor is expressed in the kidney and mediates the diuretic and natriuretic actions [12] . Further studies have suggested an inhibition effect of GLP-1 on the renin-angiotensin aldosterone [19] . Asmar et al. reported that plasma renin activity was decreased in response to GLP-1 infusion [20] . Furthermore, cardio-renal mechanism also contributes to the antihypertensive action of GLP-1. GLP-1 ameliorates hypertension by promoting natriuresis and smooth muscles relaxation via cyclic guanosine mono phosphate [15, 21] . GLP-1 promotes concentration-dependent relaxation of rat aorta through a K ATP and cAMP pathway [22] .
In this study, we found that different salt interventions can significantly alter the level of GLP-1 in SS individuals but not in SR individuals . Early studies have shown that chronic administration of recombinant glucagon-like peptide-1(7-36) amide (rGLP-1) attenuated the development of hypertension, endothelial dysfunction, and hypertension-induced renal and cardiac damage compared with the purely high salt (8%NaCl) -treated Dahl SS rats [10] . Hirata K et al reported that exendin-4, a GLP-1 analog, attenuated the development of hypertension in SS mice after high-salt loading [16] . Similarly, the GLP-1 receptor agonist exenatide analogue AC3174 ameliorated hypertension and renal dysfunction in Dahl SS rats with high salt (HS, 8% NaCl) diets [23] . Furthermore, DPP-4 inhibition increased plasma GLP-1 level and attenuated the development of salt-induced hypertension [24] . Another human study shows significantly increased renal excretion of sodium during GLP-1-infusion in both intravenous salt loading (26.7 ±0.9 g NaCl) intervention and oral salt loading (27.7± 0.5 g NaCl ) when compared with placebo-infusion [25] .
These studies in salt-sensitive models have shown that infusion with rGLP-1 or treatment with GLP-1 analog or GLP-1 receptor agonist or DPP-4-specific inhibitor can reverse high-salt induced hypertension. These evidence strongly validate that GLP-1 or GLP-1 analog treatment promotes urinary sodium excretion and reduces blood pressure in SS subjects with high salt intervention. Unfortunately, none of these studies directly measured the serum GLP-1 levels at different concentrations of salt interventions. We infer that delayed urinary sodium excretion and increased blood pressure in SS subjects may be attributed to the deficiency of GLP-1 caused by high salt diet intervention in some respects.
So far, the molecular mechanisms through which salt regulates serum GLP-1 concentration are still unknown. However, there are several potential explanations. Firstly, inhibition of sodium glucose co-transporter SGLT1 augment the secretion of gastrointestinal incretins GLP-1 [26, 27] . SGLT1 activity was increased with the increasing amount of phosphorylated serine residues in SGLT1 after high-salt loading (8% NaCl) in the Dahl salt sensitive rats compared with Dahl salt-resistant rats [28] . This may be explained by the fact that high salt intervention lowers and delays the secretion of GLP-1 due to the increase of SGLT1 activity in salt sensitive individuals. Secondly, incretin hormone secretion could be elicited by autonomic nerves. For example, a transient increase of GLP-1 level was observed in the anticipation of food in rodents [29] . Niijima A reported that high-salt intake (5% NaCl) resulted in the attenuation of autonomic nerve activity [30] . Therefore, high-salt intake induced attenuation of autonomic nerve activity may result in decreased secretion of GLP-1. Thirdly, ATP sensitive K + channels (K + ATP ) was involved in glucose-triggered GLP-1 release [31] . However, Matthew J found that K + ATP function is in fact impaired in DOCA-salt rats [32] . We infer that the impaired K + ATP may lead to reduced release of GLP-1. These studies together revealed that high salt-treatment can reduce the secretion and release of GLP-1 in SS subjects. On the contrary, low salt intervention may reverse these changes. However, further studies are necessary to better define these hypotheses.
It is worth noting that sodium retention is an important mechanism of salt-sensitive hypertension [33] . Sodium metabolism is through an intricate interaction between signals of antinatriuretic factors and natriuretic factors. Atrial natriuretic peptide (ANP) is a natriuretic factor. Its natriuretic effect is exerted by inhibiting AngII dependent sodium and water reabsorption [34] . Kim et al. found that GLP-1 receptor is present in the cardiac atria and stimulates the secretion of ANP through promoting translocation of the Rapgef4 to the membrane when GLP-1R is activated by agonist liraglutide [15] . The ANP deficiency can cause salt-sensitive hypertension [35] . In addition, high salt intake can reduce ANP level in salt-sensitive patients but not in salt-resistant patients during high salt intake [36] . However, the mechanism remains unknown. We found that high salt intake reduced the GLP-1 level in the circulation, which may partly explain the phenomenon that high salt intake decreases the concentration of ANP due to GLP-1R activation disorder. However, further studies especially population studies are required to validate those findings in suitable cohorts.
In our study, we found that 24h-urinary Na + was significantly less in SS subjects (156.2+13.9 mmol/day) compared with SR subjects (175.3+12.9 mmol/day) at the baseline.
Previous studies have shown that sodium excretion is delayed in SS individuals. The salt intake in residents in China is alarmingly higher than the current recommended amount (5 g/day) [37] . A large number of studies have shown that in response to high salt diets, SR individuals are acutely and chronically resistant to salt -induced hypertension because they rapidly excrete salt and retain little of it so that their blood volume, and therefore blood pressure, does not increase. Conversely, SS individuals develop salt-induced hypertension due to an impaired renal capacity to excrete salt that causes greater salt retention and blood volume expansion than that occurs in SR individuals [38] . In addition, excessive salt intake in susceptible characters induces inappropriate central and sympathetic nervous system responses [39] . Discomfort in SS subjects caused by adjust disorder may contribute to their slightly reduced salt intake compared with SR subjects. We infer that the relatively delayed urinary sodium excretion and slightly limited salt intake in SS subjects lead to the difference in the baseline 24h-urinary Na + compared with SR subjects. Certainly, it is undeniable that the number of recruited subjects in this study is limited, which may result in a deviation.
Our present study has the limitation that should be addressed. The recruited population in this study was restricted to Northern Chinese individuals and relatively small. Therefore, our observations will require validation in larger and more diverse cohorts to determine the generalizability in other ethnicities and populations with different backgrounds. In addition, the serological parameters we measured were limited because the blood sample collected from each subject was insufficient and the funding was limited. We expect to quantitatively measure serum total GLP-1, ANP, DPP-4 activity and other suitable parameters in the future.
Conclusions
Our human intervention study has demonstrated that the circulating GLP-1 level increases with the change from the baseline to a low-salt diet and decreases with the change from low-salt to high-salt diet in Chinese normotensive SS but not in SR subjects. These findings may contribute to a better understanding of the underlying mechanism of salt
